Abstract. The multidimensional optical response of the amide I band of the pentapeptide (cyclo(D-Abu-Arg-Gly-Asp-Mamb)) is computed using the vibrational-exciton model, treating each peptide unit as a localized anharmonic vibration. The absolute value, the real and the imaginary parts of the 2D photon echo signal are simulated by solving the nonlinear exciton equations (NEE). The signatures of the one-and twovibrational-exciton dynamics associated with different models of spectral broadening (homogeneous as well as diagonal and off-diagonal static disorder) are discussed.
INTRODUCTION
The infrared absorption of proteins and polypeptides in the amide I (1600-1700 cm −1 ) spectral region originates from the stretching motion of the peptide CO bond. This mode has a strong (∼ 0.4 D) transition dipole moment and is clearly distinguishable from other vibrational modes of the amino-acid side chains. Early study of symmetric model-polypeptides conducted by Krimm and Bandeker, have demonstrated that the dipole-dipole interaction between the CO stretching modes results in the delocalization of amide I states [1] , which can be modeled as Frenkel vibrational excitons. Assuming dipole-dipole coupling between peptide groups, Torii and Tasumi, performed computer simulations of the absorption lineshape for a few mid-size (∼ 100 peptide) globular proteins with known structures, and obtained good agreement with experiment [2] . The dependence of the coupling on relative orientations and distances of the interacting dipoles results in a unique amide I band signature of the particular secondary structure motif. This is widely utilized in studying protein and polypeptide structures [3, 4] .
The information extracted from ordinary one-dimensional (1D) IR spectra is limited since the amide I band consists of a number of unresolved spectral lines associated with vibrational motions of different structural elements. Conformational fluctuations within a particular three-dimensional protein structure, and lo-cal interaction with solvent induce inhomogeneous broadening, and the spectrum is typically highly congested. Multidimensional visible and infrared techniques offer a broad range of novel spectroscopies which can probe the structure and dynamics of complex molecules, aggregates, solvent-solute interactions and molecular liquids. A variety of multidimensional off-resonant Raman [5] [6] [7] [8] [9] and resonant optical and IR techniques have been developed [10] [11] [12] [13] [14] .
In this paper we discuss the structure of the one-and two-exciton manifold of pentapeptides and how it may be probed using 2D IR techniques. Signatures of the one-and two-exciton dynamics are discussed for different models of line broadening. In resonant infrared multidimensional spectroscopies the excitation pulses couple directly to the transition dipoles. The lowest order possible techniques in noncentrosymmetric media involve three-pulses (see Fig. 1 (A) ). Simulating the signal requires calculation of the third order response function. Since the third order response of coupled anharmonic vibrations ( Fig. 1 (B) ) depends on the complete set of one-and two-exciton states ( Fig. 1 (C) ) coupled to thermal bath [14] , the direct sum-over-states computation is prohibitively expensive for large molecules. An alternative quasiparticle description of the optical response is possible using the nonlinear exciton equations (NEE) [15] . The response function is expressed in terms of one-exciton Green functions and the exciton-exciton scattering matrix. Four coherent ultrafast 2D techniques have been proposed [12, 13] . We shall focus on 2D photon echo (PE) spectroscopy whereby the system first interacts with a single femtosecond pulse with wavevector k 1 , and then simultaneously (t 2 = 0) with a pair of pulses having k 2 and k 3 wavevectors and delayed by the time t 1 . By mixing the third order signal with a gating pulse with delay time t 3 , the heterodyne signal can be measured in the direction determined by the phase matching conditions k s = k 3 + k 2 − k 1 . We shall display the 2D PE signal in the frequency-domain by performing a double Fourier transform
Experimental 2D IR PE study of stretching motion of carbon monoxide in myoglobin-CO and rare-earth carbonyls were carried out by Fayer and coworkers [10] . Femtosecond pump-probe and dynamic hole burning 2D IR studies of the amide I spectral region of several small proteins has been reported by Hamm, Lim, and Hochstrasser [11] . Similar to 2D NMR spectroscopy, the sensitivity of the 2D IR signal to protein geometry can be used for structure determination, as demonstrated by pump-probe and dynamic hole burning measurements on a model pentapeptide cyclo-Abu-Arg-Gly-Asp-Mamb [16] . Computer simulations of the 2D IR PE signal from glycine dipeptide and cyclic pentapeptide, based on the NEE approach were carried out [17, 18] .
VIBRATIONAL-EXCITON MODEL
The atomic coordinates of the pentapeptide used in our study are known from its crystallographic structure [19] , shown in Fig. 2 . We model each CO bond as a three level system ( Fig. 1 (B) ). The dipole-dipole couplings among CO vibrations FIGURE 2. 3D structure of the pentapeptide [19] .
were calculated by assigning each dipole on a CO bond 0.868Å from carbon atom and forming 25
• angle of with respect to the bond. The absolute value of each dipole moment is 0.37D. [1, 2, 11, 16] . The central frequencies for the peptide CO vibrations are adopted from Ref. [16] . Using these parameters, the one-exciton 
where the matrix element indices are related to the peptide group numbers shown in Fig. 2 . Since the difference between the absolute values of the central frequencies in Eq. (2) is larger that the coupling energies, each one-exciton state is a weaklyperturbed localized CO vibration. The eigenfrequencies of the Hamiltonian Eq. (2) are
, and ε 5 = 1673cm −1 . The two-exciton manifold is formed by two types of doubly-excited vibrational states. The first are overtone two-excitations (OTE) where a single bond is doubly excited, and the other are collective two-excitations (CTE) where two-bonds are simultaneously excited [17, 20] . A pentapeptide has 5 OTE and 10 CTE. The fifteen two-exciton energies are obtained from the poles of the exciton scattering matrix [20, 15, 13] , by assuming that the ratio of the 1−2 to 0−1 transition dipole moments of a single peptide unit is κ = √ 2 for all peptides, as well as the anharmonicities are equal for all peptides and set to ∆ = −16cm −1 according to the experiment [11, 16] . The two-exciton state eigenenergies areε 1 = 3157cm
In general the two-exciton eigenstates are linear combinations of the OTE and the CTE. However, for the present pentapeptide, most two-exciton states can be classified as weakly perturbed OTE or STE type.
To explore the signatures of homogeneous and inhomogeneous broadening in 2D PE spectra, we consider different line-broadening models. We denote the dephasing rate of the first vibrational transition and the overtone by Γ and γ (2) , respectively. In all calculations Γ and γ (2) are set identical for all peptide groups. Anharmonicity ∆ is fixed and independent on disorder. We have employed the following six models:
(A) Small homogeneous dephasing rates: Γ = 0.2cm −1 , and γ (2) = 0.4cm −1 . (B) Large homogeneous dephasing rates: Γ = 5cm −1 , and γ (2) = 10cm −1 , which correspond typical to experimental values [11, 16] . 
FIGURE 3. Infrared absorption (1D) spectra for models (A)-(F).
The linear (1D) absorption spectra of all models are presented in Fig. 3 . Model (A) shows five well-resolved one-exciton lines. In model (B) the lines ε 2 and ε 3 are poorly resolved due to the increased homogeneous broadening. Diagonal disorder in models (C) and (D) further broadens the spectra. Since off-diagonal disorder induces state delocalization, the one-exciton resonances shift for models (E) and (F) and become ε 1 
ABSOLUTE VALUE, REAL AND IMAGINARY PARTS OF 2D PHOTON ECHOES
Calculations of 2D PE heterodyne signal S(Ω 2 , Ω 1 ) were performed using Eqs. (E1) and (E2) of Ref. [13] . Numerical work involved the calculation of the exciton-exciton scattering matrix, following the procedure described in Appendix A of Ref. [13] , and evaluating the integral in Eq. (E2) [13] . The 2D PE signal for models (C) -(F) was averaged over 10 5 disorder realizations. ,ε b − ε a ), a, b = 1, . . . , 5 (crosspeaks), are well resolved in model (A). Model (B) has the same resonant energies, however since homogeneous broadening is comparable with the anharmonicity and coupling energies, many resonances are unresolved. Slices of the 2D spectra along the Ω 2 direction at Ω 1 = −ε 2 , for models (A) and (B) are displayed in Fig. 5 .
The 2D PE signal for models (C) and (D), displayed in Fig. 4 shows inhomogeneously broadened resonances stretched along the −Ω 1 = Ω 2 direction. They represent self-correlations of the one-exciton states and correlations between oneexciton and two-exciton (OTE) states on the same sites. The other resonances make a negligible contribution to these spectra due to the uncorrelated disorder distribution. Slices of the 2D signal of models (C) and (D) along Ω 2 at Ω 1 = −ε 2 are shown in Fig. 5 . The slice of model (C) contains two distinct peaks. The narrow one (width Γ) represents self-correlation of the one-exciton states and the broader one (width γ maxima provide with the exciton state anharmonicity close to ∆. The 2D PE signal (Fig. 4 ) of models (E) and (F) is dominated by inhomogeneous broadening along the −Ω 1 = Ω 2 direction of the diagonal peaks and the cross-peaks associated with the OTE states. In addition, weak off-diagonal and the cross-peaks are clearly seen in the plot. Slice of the 2D PE signal along Ω 2 at Ω 1 = −ε 2 , are shown in Fig. 5 . In contrast to models (C) and (D), energy differences between the maxima of the one-exciton and strong two-exciton resonances are not equal to ∆, indicating that the relevant two-exciton states are not necessarily localized (OTE type).
The real and imaginary parts of the PE signal for models (B), (D), and (F) are displayed in Fig. 6 . Slices of this 2D signal are shown in Fig. 7 . According to this plot, in the vicinity of the resonances, the real part of the signal (dotted lines) is dispersive, while the imaginary part (solid line) has a negative minimum. Analysis of the sign variation of the real and imaginary parts in different directions [18] indicates that for close disorder realizations the resonances should add up constructively in the directions −Ω 1 ∼ Ω 2 , and destructively in the perpendicular direction.
CONCLUSIONS
We have applied the vibrational exciton model to describe the infrared response of a cyclic pentapeptide in the amide I spectral region. The 2D PE signal has been calculated by solving the NEE. The one-and two-exciton states of the pentapeptide are well localized. Different models of homogeneous and inhomogeneous line broadening show distinct 2D patterns. All resolved resonances associated with one-exciton correlations (diagonal and off-diagonal peaks) as well as those associated with one-and two-exciton state correlations (cross-peaks) in models (A)-(B) are identified from the absolute value of the signal. Uncorrelated diagonal disorder [models (C) and (D)] induces inhomogeneous broadening of the 2D PE spectra along −Ω 1 = Ω 2 directions. In this case the signal has diagonal peaks (due to one-exciton self correlations) and cross-peaks due to correlations of the one-exciton states with the OTE excited on the same peptide group. Off-diagonal disorder [models (E) and (F)] induces exciton delocalization over two peptides. In this case the signal contains inhomogeneously broadened diagonal, off-diagonal, and crosspeaks. Examination of the real and the imaginary parts of the 2D PE signal shows that in the vicinity of the 2D resonances, its profile is determined by the the ratio of the real and the imaginary parts of the exciton scattering matrix. Static disorder may lead to the formation or the destruction of echoes in various directions.
